The deoxygenation activity and selectivity of tungsten monocarbide (WC) have been investigated using a combination of DFT calculations, surface science experiments, and reactor evaluations of catalyst particles. Both WC surfaces and particles are very selective in breaking the C-O/CvO bond of propanol and propanal, leading to the production of propene as the main product. The consistency of DFT, surface science and reactor studies in predicting the high selectivity in C-O/CvO scission suggests that fundamental studies on model surfaces can be extended to more practical applications. Results from the current paper also identify research opportunities in synthesizing nanoparticle WC and W 2 C as effective deoxygenation catalysts.
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Introduction
The production of fuels and chemicals from renewable biomass resources is a promising approach to meet some of the energy and environmental challenges. [1] [2] [3] However, the derivatives of biomass, such as sugars and polyols, are over functionalized with a large number of oxygen atoms per molecule, 4 ,5 which need to be removed via selective deoxygenation to produce more valuable fuels and chemicals. 6 For example, biodiesel is one of the most important biomass-derived biofuels as a replacement of a blending agent to petroleum diesel. However, the oxygen content leads to higher density and polarity, 4 resulting in higher viscosity and lower cold flow properties compared to conventional diesel. 7 Furthermore, the presence of oxygen also reduces the energy density of the fuel. 4, [8] [9] [10] If biomass-derived fuels can be selectively deoxygenated, biodiesel can potentially be used as a direct replacement of conventional petroleum resources.
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Deoxygenation can proceed via either decarbonylation or selective C-O bond cleavage. 4, 5 The former route often leads to the reduction in carbon chain length, which is often undesirable for conversion to fuels and chemicals; 4 moreover, the CO 2 produced from this route is not environmental friendly. 12 Therefore, selective deoxygenation via C-O bond cleavage is crucial in converting biomass derivatives to fuels and chemicals without reducing the number of carbon atoms. A good catalyst for deoxygenation should be active enough to cleave the C-O bond while remaining relatively inert toward C-C bond cleavage. In the current study, we use propanol and propanal as probe molecules to demonstrate that tungsten monocarbide (WC) is a promising catalyst for the selective scission of the C-O and CvO bonds. The reactions of propanol have been reported on several transition metals 13, 14 and bimetallic systems. [15] [16] [17] [18] [19] [20] To the best of our knowledge, none of these materials are selective toward deoxygenation without breaking some of the C-C bonds. Transition metal carbides, in particular, tungsten and molybdenum carbides, have been evaluated for applications in both heterogeneous catalysis 21, 22 and electrocatalysis. 22, 23 Although these materials often show "platinum-like" properties in hydrocarbon transformation reactions, 21, 22 recent studies reveal that for the reactions of oxygenate molecules, carbides are often different from either their parent metals or platinum. 24, 25 Of particular relevance to deoxygenation is the reaction of methanol and ethanol on the WC surface, which shows that the WC surface is active towards C-O bond cleavage. 24, 25 More recently, it is also reported that these carbides are active in deoxygenation reactions. [26] [27] [28] [29] [30] In the current study, we use a combination of density functional theory (DFT) calculations, surface science experiments, and reactor studies to investigate the deoxygenation reactions of propanol and propanal on WC, which demonstrates as a case study starting from fundamental theoretical studies and then extending to more practical catalysis applications. The mechanistic insights into the deoxygenation pathways and the excellent selectivity of WC are predicted from DFT calculations; the deoxygenation reactions on model WC surfaces are verified by temperature programmed desorption (TPD) and the additional information of surface reaction intermediates is provided by surface vibrational spectroscopy; the selective deoxygenation over WC particles is then demonstrated by reactor studies. The selection of C3 oxygenates is mainly due to their relatively high vapor pressure, which allows one to introduce them into ultrahigh vacuum (UHV) systems for fundamental surface science studies and for gas-phase reactor evaluations. The comparison of propanol and propanal provides useful information on whether and how the deoxygenation activity differs between C-O and CvO bonds, which often coexist in biomass derived molecules.
Methods

DFT methods
The DFT calculations were performed using the SIESTA program. 31 The pseudo-potentials were generated using the Troullier-Martins scheme. 32 For W, the electrons of 6s 2 and 5d 4 were included as valence electrons. For all of the atoms, a double zeta with polarization quality basis set was employed.
The exchange-correlation energy was determined using the generalized gradient approximation (GGA) functional proposed by Perdew, Burke, and Ernzerhof (PBE). 33 The localization radii of the basic functions were determined from an energy shift of 0.01 eV. In this work, the spacing of the grid points corresponded to an equivalent of 200 Ry energy cutoff in the associated reciprocal space at which value the geometries and energies have converged. Spin polarization was included whenever necessary. The calculated equilibrium lattice parameters for WC (hexagonal, a = b = 2.92 Å and c = 2.85 Å) are very similar to the experimental values (a = b = 2.91 Å and c = 2.84 Å). 34 The supercell approach was used to model the W-terminated WC(0001) surface (hereby referred to as WC(0001)); six layers of WC(0001) surface were modeled with 15 Å vacuum spacing between slabs. The bottom four layers of metal atoms were fixed at their bulk truncated position and the top two layers and the adsorbates were allowed to relax. A 3 × 3 unit cell was used in all the calculations and a Monkhorst-Pack mesh of 3 × 3 × 1 was employed in the k-point sampling. In this work, some of the structures and energetic results obtained from the SIESTA code were further checked using the pseudopotential plane-wave VASP code 35, 36 (see Table 1 ). As can be seen from Table 1 , the calculated results using SIESTA are very close to those from the VASP code.
Surface science studies
The preparation of the WC surface was described in detail elsewhere. 37 Briefly, the WC surface was prepared by carburizing a polycrystalline W foil using cycles of ethylene sputtering at 300 K, followed by annealing the surface to 1200 K. The stoichiometry of the W : C ratio was around 1 : 1, as confirmed by the Auger Electron Spectroscopy (AES), and was consistent with previous studies of the characterization of W terminated WC(0001). 38 The exposure of propanol and propanal was achieved through leak valves. The samples were purified by successive freeze-pump-thaw cycles before use. The TPD measurements were taken from 105 K to 800 K with a linear heating rate of
High-resolution electron energy loss spectroscopy (HREELS) measurements were recorded with the angles of incidence and reflection at 60 degrees with respect to the surface normal in the specular direction and with a primary beam energy of 6 eV. After the adsorption of propanol or propanal at 100 K, the surface was flashed to the next temperature of interest and allowed to cool back to 100 K before proceeding with the subsequent scan.
Synthesis and characterization of WC catalyst particles
The synthesis of WC particles was conducted in a sealed quartz tube reactor using ammonium metatungstate hydrate ((NH 4 ) 6 H 2 W 12 O 40 , Sigma-Aldrich) as tungsten precursor and cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich) as the carbon source. Typically, 0.297 g of (NH 4 ) 6 H 2 W 12 O 40 was mixed with 0.112 g of CTAB and placed in the bottom of the quartz tube. The quartz tube was then sealed under high vacuum before it was placed in an electrical resistance furnace to be carburized. The sample in the quartz tube was heated to 1273 K from room temperature with a heating rate of 1 K per minute. It was naturally cooled to room temperature after being held at 1273 K for one hour. The black powder at the bottom of quartz tube was collected.
Powder X-ray diffraction patterns (XRD) were obtained using a Phillips Norelco powder diffractometer using Cu Kα irradiation to examine the purity of the WC catalyst. Particle morphology was measured using a JOEL JEM-2010F transmission electron microscope (TEM) with a 200 kV acceleration voltage.
Reactor studies
The vapor phase deoxygenation of propanol/propanal, both with and without hydrogen, was carried out by flow reactor studies in a quartz glass reactor under atmospheric pressure at 653 K. Prior to reaction, the WC catalyst (0.043 g) was reduced under a H 2 (25 mL per minute) and He (25 mL per minute) mixture at 723 K for 1 hour. During the reaction, a constant flow of propanol/propanal was obtained by bubbling He through a saturator containing propanol/propanal. In the experiments with co-feed H 2 , the molar ratio of H 2 to propanol/propanal was calculated to be 10 : 1. The products were analyzed using an online GC (Agilent 7890A) equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD).
Results and discussion
DFT calculations
DFT calculations were performed to explore the decomposition pathways of propanol and propanal on WC(0001). The reaction network and the energy profile for propanol decomposition on WC(0001) are presented in Fig. 1 . Fig. 1(a) shows that the chemisorption energy of propanol is 1.05 eV. The initial decomposition of adsorbed propanol on WC(0001) via O-H bond scission (a reaction barrier of E a = 0.66 eV) is kinetically favorable over C-H bond scission (E a = 1.50 eV), which is consistent with previous DFT results for methanol on WC(0001). Fig. 1(b) , the overall reaction is highly exothermic (ΔH = −4.40 eV), indicating that this reaction pathway for propanol decomposition is, aside from kinetic considerations, also thermodynamically favored. Fig. 1(a) . The reaction network suggests that propanol and propanal share very similar deoxygenation intermediate and pathway, which are further confirmed in surface science studies as described below. Other dehydrogenation and C-C bond scission pathways show higher activation barriers, as illustrated in Fig. 1(a) .
As the deoxygenation product is CH 3 CH 2 CH, which has a very similar formula and structure with propene, it is a reasonable prediction that propene would be the main product of the deoxygenation reaction. In summary, DFT calculations predict that the WC(0001) surface should exhibit high activity towards selective C-O/ CvO bond scission of propanol and propanal to produce propene, and adsorbed CH 3 CH 2 CHO is the key intermediate that undergoes CvO bond cleavage with a low activation barrier of 0.33 eV. It should be pointed out that the current study used the closed-packed WC(0001) surface to obtain activation barriers and reaction networks. Additional calculations on the more open surface structures should provide additional insight into correlating model surfaces with polycrystalline or amorphous WC catalysts.
Surface science studies
The TPD results following the adsorption of propanol on the WC surface at ∼100 K are shown in Fig. 2 , with Ni-modified WC also shown as reference to show the different reaction pathways of propanol on the two surfaces. As predicted in the reaction network in Fig. 1 , selective C-O bond scission should lead to the formation of the CH 3 CH 2 CH intermediate, which can undergo isomerization to produce propene. In contrast, the C-C bond scission of propanol should lead to the formation of CO, C2 or C1 oxygenates and C2 or C1 hydrocarbons. As shown in Fig. 2 , a broad desorption peak of propene (C 3 H 6 , 42 amu) is observed at 409 K, indicating the cleavage of the C-O bond. Relatively weak peaks are also detected in the 28 and 27 amu spectra on the WC surface, which are due to either the cracking fragments from propene or trace amount of ethylene. Because the 27 amu and 28 amu peaks are most likely from the cracking patterns of propene, the TPD results also suggest that CO (28 amu) is not produced. The absence of the 15 amu and 16 amu peaks suggests that there is no methane generated on the surface. The TPD results reveal that propene is the dominant reaction product from WC, indicating the selective deoxygenation pathway on the WC surface, which is also consistent with the DFT prediction. In comparison, on the Ni-modified WC surface, propene is not produced. Instead ethylene (C 2 H 4 , 27 amu) and CO (28 amu) are the main products from the decomposition of propanol, demonstrating that C-C bond cleavage is the main reaction 
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This journal is © The Royal Society of Chemistry 2014 Integrating the peak areas of the reaction products allows for quantification of activity for each decomposition reaction pathway. The yield of H 2 was determined by converting the H 2 TPD peak area to H 2 coverage based on the calibration of mass spectrometer saturation coverage using a Pt(111) surface. 40, 41 The yield of C 3 H 6 was determined by using an experimentally determined sensitive factor relative to CO, which was obtained by back filling the UHV system with equal concentrations of C 3 H 6 and CO based on the ionization sensitivity factors of these molecules. The quantification of TPD peak areas indicates that the amount of propanol undergoing deoxygenation and total decomposition is 0.061 and 0.002 molecule per surface W atom, respectively, as summarized in Table 2 .
In order to investigate whether WC is also active toward breaking the CvO double bond, as predicted by DFT calculations, propanal TPD experiments were performed. As shown in the TPD results in Fig. 3 , similar to propanol, propene is again observed as the only hydrocarbon product from the WC surface, indicating that WC is similarly active to CvO bond cleavage without breaking the C-C bond, consistent with the DFT prediction. The quantified yield of the amount of propanal undergoing deoxygenation and total decomposition is 0.091 and 0.001 molecule per surface W atom, respectively. In comparison, on the Ni/WC surface, propanal primarily undergoes C-C bond cleavage to produce ethylene and CO, which is consistent with the previous study on a Ni(111) film. 15 The unique selectivity of WC toward C-O or CvO bond scission can be explained by the fact that oxygenates are absorbed onto the WC surface via strong bonding through the oxygen atom. 24, 42 The similarities between propanol and propanal in the TPD experiments suggest that these two Fig. 2 TPD results following the decomposition of propanol on WC. Similar TPD spectra are also included for a Ni-modified WC surface to provide a reference of mass spectrometry sensitivity for different masses and to highlight the unique gas-phase product distribution from the WC surface. molecules may have similar decomposition pathways on the WC surface. HREELS experiments were performed to determine the surface reaction intermediates from the decomposition of propanol and propanal. Fig. 4 compares the HREELS results after the adsorption at 100 K and after heating to 300 K, which is below the onset temperature for the desorption of the propene product. As summarized in the vibrational assignment in Table 3 , the spectrum following the adsorption of propanal at 100 K is characteristic of molecularly adsorbed propanal. Upon heating to 300 K, the intensity of the (CvO) mode at 1670 cm −1 significantly decreases, indicating that the bonding of propanal on WC occurs through the formation of the di-σ C-O bond. In comparison, the adsorption of propanol on WC leads to the dissociation of the O-H bond at 100 K, as indicated by the absence of the (O-H) mode, expected at 3687 cm −1 for gasphase propanol and typically observed at above 3300 cm −1 for hydrogen-bonded alcohols. This observation is consistent with the previous studies of methanol and ethanol decomposition on WC, where dissociation of the O-H bond also occurs at 100 K. 24, 25, 42 This observation is also consistent with the DFT calculations of the initial decomposition of propanol on WC (Fig. 1) . As compared in Table 3 , the frequencies of all other vibrational features remain similar to those of propanol, indicating that the propoxy species is produced on WC at 100 K. Furthermore, the general similarity between the 300 K spectra of propanol and propanal suggests that a similar surface intermediate is produced, most likely a propoxy (CH 3 CH 2 CH 2 -OW) and a di-σ bonded propanal (CH 3 CH 2 CHW-OW), respectively.
The similar nature of the two surface species is consistent with the similar TPD peak shape of propene from both molecules ( Fig. 2 and 3) . Summarizing the results on the WC surface, DFT calculations predict that WC exhibits high activity towards selective C-O/CvO bond scission to produce propene, which is further Fig. 3 TPD results following the decomposition of propanal on WC. Similar TPD spectra are also included for a Ni-modified WC surface to provide a reference of mass spectrometry sensitivity for different masses and to highlight the unique gas-phase product distribution from the WC surface. confirmed by the TPD experiments. DFT calculations also suggest that propanol and propanal have a similar reaction intermediate, and undergo similar decomposition pathway on WC surface, which is verified by the HREELS measurements. Both computational and experimental results show that the WC surface is highly selective to C-O/CvO bond cleavage, suggesting that WC may be potentially used as a selective deoxygenation catalyst, as verified below.
Characterization and reactor studies of WC catalysts
In order to extend model surfaces to catalyst particles, WC catalyst was synthesized and tested in a flow reactor. The XRD pattern in Fig. 5 (a) shows that the catalyst particle can be indexed to a hexagonal WC phase. 43 The (100), (101), (110), (002), (111), (200) and (102) (100) and (101) planes of hexagonal WC. 43, 44 The average size of the catalyst particle is around 100 nm from Fig. 5(b) . The large particle size is most likely related to the high synthesis temperature (1273 K in the current study) that is required to achieve the WC phase.
The results of reactor evaluation of propanol deoxygenation are shown in Fig. 6 . Fig. 6 reveals that C3 hydrocarbons (mainly propene) and propanal are the main gas products, with trace amounts of C2 hydrocarbons, CO, CH 4 and C 6 hydrocarbons. The high selectivity (>95%) of C3 hydrocarbons suggests that deoxygenation is the dominant reaction with little C-C bond scission, which is consistent with the DFT calculations and surface science results. Due to the low steadystate conversion over the WC catalysts, it is difficult to determine the exact role of H 2 in the current study. However, results from previous studies of C3 oxygenates over Mo 2 C catalysts, with a high steady-state conversion, clearly indicated that cofeeding H 2 led to the production of H 2 O by removing the surface oxygen from the carbide catalysts. 29 The results of propanal deoxygenation are shown in Fig. 7 . The product distribution is more complicated in the case of propanal compared to that of propanol. As reported before, propanal can undergo ketonization and condensation reactions on transition metal oxide catalysts, 45, 46 a similar situation is also observed on WC. Apart from higher ketones and aldehydes, C6 hydrocarbons, produced from the coupling reactions of C3, are also detected in the products. Although there are many side products observed from the reaction, the highest selectivity remains to be the selective deoxygenation of propanal to produce C3 hydrocarbons (mainly propene), with only trace amounts of products from the C-C bond cleavage.
Insight from comparison of model surfaces and catalysts
Both DFT calculations and UHV experiments on WC surfaces predict that propanol and propanal should undergo selective C-O/CvO bond scission to produce propene. Such prediction is confirmed by the excellent selectivity to produce propene from the reactor evaluation of WC catalysts. These general similarities between model surfaces and catalyst particles illustrate the usefulness of combining theory and experiments in identifying catalytic materials. On the other hand, there are two main inconsistencies between model surfaces and catalysts, which in turn provide useful insight and future research opportunities in the utilization of WC catalysts for deoxygenation. The first is the difference between the deoxygenation activity of propanol and propanal. As suggested in DFT calculations (Fig. 1) , propanol undergoes two elementary dehydrogenation steps to produce propanal before deoxygenation. This is consistent with the TPD measurements that the yield of propene is higher from the deoxygenation of propanal than from propanol on WC surfaces (Table 2 ). In contrast, in the reactor evaluation over WC catalyst the deoxygenation rate of propanal is significantly lower than propanol. One possible explanation is the presence of oxygen species over the WC catalyst, which is not present in the DFT and UHV studies of clean WC surfaces. The presence of oxygen on the WC catalyst should introduce acidic function from the oxidized W or WC, which should in turn enhance the dehydration pathway of propanol to directly produce propene. Further DFT and UHV studies on oxygen-modified WC surfaces are necessary to determine the role of surface oxygen in controlling the deoxygenation pathways.
The second inconsistency between model surfaces and catalysts is the very low steady-state conversion of propanal ( Fig. 7  (a) ). This is most likely due to the large size of the WC particles, ∼100 nm, resulting from the high synthesis temperature (1273 K in the current study) that is required to achieve the WC phase. To highlight the importance of particle size, Fig. 8 compares the conversion and selectivity of propanal deoxygenation over WC and Mo 2 C particles. The Mo 2 C particle is in the range of 3 to 5 nm and correspondingly leads to a much higher steady-state conversion. 29 Interestingly, both WC and Mo 2 C catalysts produce propene as the dominant product, suggesting similar deoxygenation pathways over the two carbide catalysts. The comparison in Fig. 8 suggests future opportunities in synthesizing and utilizing WC nanoparticles, preferably in the same particle range as that of Mo 2 C, as effective deoxygenation catalysts. Another possibility is to utilize W 2 C instead of WC, which should be easier to obtain in smaller particle size to the lower synthesis temperatures.
Conclusions
We explored the utilization of WC for the deoxygenation reactions of propanol and propanal using a combination of DFT calculations, UHV studies on model surfaces, and reactor evaluations of catalyst particles. These results demonstrate that WC is very selective in breaking the C-O/CvO bond. The dominant deoxygenation product is propene instead of propane; compared to saturated hydrocarbons, the advantages of producing unsaturated hydrocarbons are consuming less H 2 in the deoxygenation reaction and being more easily transformed into other value-added products. This unique property renders WC as a promising catalyst for the conversion of biomass-derived oxygenate molecules to fuels and chemicals. The consistency of DFT, surface science and reactor studies in predicting the high selectivity in C-O/CvO scission suggests a methodology that fundamental theoretical studies on model surfaces can be extended to more practical applications.
Results from the current study also identify research opportunities in synthesizing nanoparticle WC and W 2 C as effective deoxygenation catalysts.
